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HIGH DENSITIES OF THE ANG II type 1 receptor (AT 1 R) are found in brain regions critical for the regulation of blood pressure, sodium-water balance, neurohumoral release, and sympathetic drive (33) , including the organum vasculosum of the laminae terminalis, median preoptic nucleus, subfornical organ (SFO), paraventricular nucleus of the hypothalamus (PVN), supraoptic nuclei (SON), lateral parabrachial nucleus, rostral ventrolateral medulla, and nucleus of the solitary tract (26) . The level of AT 1 R expression in these regions may decisively influence the activity and responsiveness of the brain renin-angiotensin system (RAS).
Many in vivo and in vitro studies have shown that AT 1 R gene expression, similar to expression of several other G protein-coupled receptors (18) , is affected by its own agonist. Interventions that increase plasma ANG II level, such as water deprivation (6, 42) , sodium depletion (12) , and treatment with furosemide (11) , cause significant increases in AT 1 R gene expression in cardiovascular regions of the brain. AT 1 R expression in specific brain regions is also increased in pathophysiological states characterized by activation of the systemic RAS, such as hypertension (41) and heart failure (46, 48) . However, the molecular mechanisms regulating AT 1 R expression in brain tissues have not been elucidated.
In a recent study (48) , mitogen-activated protein kinase (MAPK) signaling pathways were implicated in upregulation of the AT 1 R in the hypothalamus of rats with heart failure. However, the neurochemical milieu in heart failure is rich in factors that affect MAPK signaling. The present study utilizes a simpler model to test the hypothesis that ANG II-induced upregulation of AT 1 R expression in the brain is dependent on MAPK signaling. Normal rats received a chronic systemic infusion of ANG II, with or without concomitant central administration of MAPK inhibitors. AT 1 R expression was examined in two representative forebrain regions: the SFO, which is directly exposed to circulating ANG II via a deficient blood-brain barrier, and the PVN, which lies within the bloodbrain barrier. In both regions, the AT 1 R level increases in response to experimental manipulations that increase circulating ANG II (6, 11, 12, 42) .
MATERIALS AND METHODS
Animals. Adult male Sprague-Dawley rats (275-300 g body wt; Harlan Sprague Dawley, Indianapolis, IN) were housed in temperature-controlled (23 Ϯ 2°C) rooms in the University of Iowa Animal Care Facility, where they were exposed to a normal 12:12-h light-dark cycle, and rat chow was provided ad libitum. These studies were performed in accordance with the American Physiological Society's guidelines for research involving animals and human beings (3). The experimental procedures were approved by the University of Iowa Institutional Animal Care and Use Committee.
Surgical preparation. Surgery was performed under sterile conditions. Rats were anesthetized with ketamine (87.5 mg/kg ip) ϩ xylazine (12.5 mg/kg ip) and fixed in a stereotaxic instrument. A 26.5-gauge 15-mm-long stainless steel cannula was positioned in the brain, with the tip placed in the left lateral cerebral ventricle (Ϫ1.0 mm anteroposterior, Ϫ4.5 mm dorsoventral, and Ϫ1.5 mm mediolateral, with bregma as a reference) (38) . Polymerizing dental orthodontic resin (Dentsply International, Milford, DE) was applied to the surface of the skull, and three protective screws were placed around the cannula. The cannula was bent at a 90°angle and fixed again with dental orthodontic resin. An osmotic minipump (model 2004, Alzet; 0.25 l/h) containing dissolved drugs was positioned subcutaneously at the back of the neck and connected with sterilized tubing to the free end of the cannula. A second osmotic minipump (model 2002, Alzet; 0.5 l/h) was subcutaneously implanted at the back of the neck for infusion of ANG II or vehicle (VEH, saline). The skin incisions were sutured. Proper location of the intracerebroventricular (ICV) cannula was verified at the end of the experiments by injection of pontamine sky blue (2 l). Data from animals with incorrectly placed cannulas were excluded from the analyses.
Drugs infused. ANG II was obtained from Sigma (St. Louis, MO). The AT 1R antagonist losartan was a gift from DuPont. ANG II was dissolved in saline and losartan in artificial cerebrospinal fluid (aCSF). The selective p44/42 MAPK inhibitor PD-98059, the JNK inhibitor SP-600125, and the p38 MAPK inhibitor SB-203580 were obtained from Tocris (Ellisville, MO). These inhibitors were dissolved in DMSO and then diluted in aCSF to make a 0.1-0.5% final DMSO concentration. The vehicle control (VEH) for ICV infusions was aCSF containing 0.5% DMSO.
To avoid confounding secondary effects, we infused ANG II subcutaneously at a dose that does not increase arterial pressure or circulating aldosterone in rats fed a normal-salt diet (19) . The MAPK inhibitors were infused ICV at doses we showed previously to inhibit AT 1R expression in the brain in rats with heart failure (48); in our previous study, the specificity of the MAPK inhibitors was confirmed by demonstration of their ability to reduce phosphorylated expression of their own MAPK in the brain by immunohistochemistry (48) . Their specificity has previously been demonstrated by others in a variety of experimental protocols (21, 30, 50) .
Experimental protocols. ANG II (0.6 g/h) or saline (0.5 l/h) was infused subcutaneously (SC) over a 4-wk interval concomitantly with an ICV infusion (infusion rate 0.25 l/h) of the AT 1R antagonist losartan (10 g/l) or one of the following MAPK inhibitors: PD-98059 (0.1 g/l), SP-600125 (0.5 g/l), or SB-203580 (0.5 g/l). The six experimental groups were as follows: 1) saline ϩ ICV VEH (n ϭ 24), 2) SC ANG II ϩ ICV VEH (n ϭ 24), 3) SC ANG II ϩ ICV losartan (n ϭ 24), 4) SC ANG II ϩ ICV PD-98059 (n ϭ 24), 5) SC ANG II ϩ ICV SP-600125 (n ϭ 24), and 6) SC ANG II ϩ ICV SB-203580 (n ϭ 24). Animals from each group were assigned to one of three study protocols: RT-PCR (n ϭ 6), Western blot (n ϭ 12), and immunocytochemistry (n ϭ 6).
At the conclusion of the treatment protocols, some (n ϭ 8) saline-infused control rats and some (n ϭ 8) ANG II-infused rats were anesthetized with ketamine (90 mg/kg ip) ϩ xylazine (10 mg/kg ip) for implantation of a catheter in the left femoral artery. Blood pressure and heart rate were recorded from these rats in the conscious state on the following day.
Tissue preparation. The rats were euthanized with urethane, and brain tissue was collected for immunohistochemical or molecular studies. For Western blot and real-time PCR, the brains were immediately removed, frozen in liquid nitrogen, and stored at Ϫ80°C for subsequent use. The frozen brain was cut into 300-m coronal sections, and the PVN and SFO were punched using a 15-gauge needle (1.5 mm ID) centered over the PVN and SFO. PVN tissues were collected from both sides in two sections from each rat. SFO tissues were collected from two or three sections from each rat, depending on whether the third section contained SFO. Some immediately surrounding tissue was usually included. The punched tissues were homogenized in cell lysis buffer (Cell Signaling Technology, Beverly, MA) to extract protein for Western assay or in TriReagent (Molecular Research Center, Cincinnati, OH) to extract RNA for real-time PCR. To obtain a sufficient amount of tissue to detect AT 1R protein by Western blot in each region, we combined the samples from two different rats. To collect tissues for immunostaining, we transcardially perfused the rats with 4% paraformaldehyde. Brains were then embedded with OCT compound and rapidly frozen in alcohol-chilled dry ice. Coronal forebrain sections (12 m) of target tissues were made using a cryostat and then stored at Ϫ80°C.
Western blot. AT 1R protein level in the PVN and SFO was assessed by Western blotting. Briefly, protein samples (30 g) were separated by 10% SDS-polyacrylamide gel and then transferred to a PVDF membrane. Nonspecific binding was blocked by incubation with 5% nonfat dry milk for 1 h at room temperature. Membranes were then incubated overnight at 4°C with rabbit anti-rat AT 1R polyclonal antibody (1:500 dilution; catalog no. sc-1173, Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit anti-rat ␤-actin monoclonal antibody (1:2,000 dilution; catalog no. 4970, Cell Signaling Technology), respectively, and then with goat anti-rabbit IgG horseradish peroxi- dase-conjugated secondary antibody (1:5,000 dilution; catalog no. sc-2004, Santa Cruz Biotechnology) for 1 h at room temperature. Immunoblots were visualized with an enhanced chemiluminescence reagent. Band intensities were quantified with NIH Image J software. AT 1R protein was normalized by the total content of ␤-actin.
Real-time PCR. AT1R mRNA levels in the PVN and SFO were measured with real-time PCR following reverse transcription of total RNA, as described previously (13, 51) . The sequences for primers and probe were as follows: 5Ј-GTA-GCC-AAA-GTC-ACC-TGC-ATC A-3Ј (sense) and 5Ј-GGT-AGA-TGA-CGG-CTG-GCA-AA-3Ј (antisense) for primer and 5Ј-CAT-CTG-GCT-AAT-GGC-TGG-CTT-GGC-3Ј for probe. TaqMan primer and probe for rat GAPDH were purchased from Applied Biosystems (Foster City, CA). Real-time PCR was performed using the Prism 7700 Sequence Detection System (Applied Biosystems). Rat GAPDH mRNA was quantified as an internal control for each sample, and the final results of real-time PCR were expressed as the ratio of the mRNA of interest to GAPDH mRNA.
Immunohistochemistry. Immunohistochemical visualization of phosphorylated MAPK expression in the PVN and SFO was performed on frozen sections using antibodies and avidin-biotin-peroxidase methods, as previously described (32) . The primary antibodies for detection of immunoreactivity of phosphorylated MAPK were rabbit monoclonal antibody (Cell Signaling) to phosphorylated p44/42 MAPK (1:250 dilution; catalog no. 4376), phosphorylated p38 MAPK (1:250 dilution; catalog no. 4631), and phosphorylated SAPK/JNK (1:250 dilution; catalog no. 9251). For immunohistochemical analysis, the numbers of phosphorylated MAPK-positive cells in a 100 ϫ 100 m window positioned over the dorsal parvocellular (PVN-dp), the ventrolateral parvocellular (PVN-vlp), or the posterior magnocellular (PVN-pm) subdivision of the PVN (44) and a 200 ϫ 200 m window positioned over the central SFO were counted manually. The subdivisions of PVN were defined as described in previous studies (43) (44) (45) . In each rat, the number of positive cells was counted in three sections from each subdivision of the PVN and three sections from the SFO and averaged to obtain a single value for statistical analysis. Data were represented as positive cells per 10 4 m 2 . Immunofluorescence. Immunofluorescent staining was used to localize AT 1R expression. The primary antibody for detection of AT1R-like immunoreactivity was a rabbit polyclonal antibody to the AT1R (1:100 dilution; catalog no. sc-1173, Santa Cruz Biotechnology). The sections were then incubated with a secondary antibody, Alexa Fluor 488 goat anti-rabbit IgG (1:200 dilution; catalog no. A-11070, Invitrogen), and further incubated with To-Pro-3 (1:2,000 dilution; Invitrogen) to counterstain cell nuclei. Immunostaining was visualized with a confocal laser-scanning microscope (model LSM 510, Carl Zeiss). Immunofluorescent intensity [arbitrary units (AU)] was quantified with NIH Image J software, as described previously (9) . The fluorescent intensity of AT 1R-like immunoreactivity in the PVN and SFO, over the same areas used for immunohistochemistry, was measured from three representative transverse sections in each animal and averaged to obtain a value for statistical analysis.
Statistics. Values are means Ϯ SE. The significance of differences among groups was analyzed by two-way repeated-measures ANOVA followed by post hoc Fisher's least significant difference test. Differences were considered significant at P Ͻ 0.05. P Ͼ 0.05) or heart rate (403.1 Ϯ 13.3 vs. 389.4 Ϯ 12.1 beats/min, n ϭ 8, P Ͼ 0.05) compared with saline-infused control rats.
RESULTS

Hemodynamic effects of the ANG II infusion.
Quantitative assessment of AT 1 R mRNA and protein expression in the PVN and SFO. ANG II-infused rats exhibited significant increases in AT 1 R mRNA expression compared with the saline-infused control rats (Fig. 1) that were similar in magnitude in the SFO and PVN. Concomitant ICV administration of losartan, the p44/42 MAPK inhibitor PD-98059, and the JNK inhibitor SP-600125 prevented the ANG II-induced increase in AT 1 R mRNA in the PVN and SFO. AT 1 R mRNA in the PVN and SFO in ANG II-infused rats treated with ICV losartan, PD-98059, and SP-600125 was not significantly different from that in saline-infused control rats. ICV infusion of the p38 MAPK inhibitor SB-203580 had no effect on ANG II-induced AT 1 R mRNA in the PVN or SFO (Fig. 1) .
AT 1 R protein in the PVN and SFO was higher in ANG II-infused rats than in saline-infused control rats (Fig. 2) . The ANG II-induced increase in AT 1 R protein expression in the PVN and SFO was prevented by concomitant ICV infusion of losartan (Fig. 2) , the p44/42 MAPK inhibitor PD-98059, or the JNK inhibitor SP-600125. The level of AT 1 R protein in ANG II-infused rats treated with ICV losartan, PD-98059, and SP-600125 was not significantly different from that in salineinfused control rats. The p38 MAPK inhibitor SB-203580 had no effect on ANG II-induced AT 1 R protein expression in the PVN or SFO (Fig. 2) .
Immunohistochemical assessment of MAPK expression in the PVN and SFO. More cells in the three PVN regions (PVN-dp, PVN-vlp, and PVN-pm; Fig. 3 ) and in the SFO (Fig. 4) expressed phosphorylated p44/42 MAPK, p38 MAPK, and JNK in ANG II-infused rats than in saline-infused control rats. The numbers of cells expressing MAPK was greatly attenuated in the PVN (Fig. 3) and SFO (Fig. 4) by concomitant ICV infusion of losartan.
Immunofluorescent assessment of AT 1 R expression in the PVN and SFO. Laser confocal images revealed increased fluorescent intensity of AT 1 R-like immunoreactivity in the PVN (Fig. 5) and SFO (Fig. 6 ) in ANG II-infused rats compared with the saline-infused control rats. AT 1 R-like immunoreactivity was increased in the three PVN regions (PVN-dp, PVN-vlp, and PVN-pm). There was strong expression of the AT 1 R-like immunoreactivity throughout the SFO in ANG II-infused rats compared with the saline-infused control rats.
Concomitant ICV administration of losartan, the p44/42 inhibitor PD-98059, and the JNK inhibitor SP-600125 prevented the increase in AT 1 R-like immunoreactivity in the PVN-vlp and significantly reduced the increases in AT 1 R-like immunoreactivity in the PVN-dp and PVN-pm (Fig. 5 ) and in the SFO (Fig. 6 ) of ANG II-infused rats. Concomitant ICV administration of the p38 MAPK inhibitor SB-203580 had no significant effect on the ANG II-induced increase in AT 1 R-like immunoreactivity in any region of the PVN (Fig. 5 ) or in the SFO (Fig. 6 ).
DISCUSSION
MAPK signaling pathways have been implicated in the upregulation of the AT 1 R in the rat brain in pathophysiological states characterized by high circulating levels of ANG II (28, 48) . Under those conditions, multiple factors that may affect MAPK signaling are present. The present study examined the isolated influence of one of these factors, ANG II. The results demonstrate that ANG II upregulates the AT 1 R in two key cardiovascular regulatory centers of the brain, the SFO and the PVN, and that phosphorylation of p44/42 MAPK and JNK is a necessary step in that process. p38 MAPK does not appear to be involved.
Aldosterone is another factor that may activate MAPK signaling pathways in peripheral tissues (10, 31) and has been shown to increase AT 1 R expression in the brain of normal rats and rats with heart failure (51, 52). To avoid inducing release of aldosterone from the adrenal glands, we used a low dose of ANG II in the present study. A previous study demonstrated that this dose of ANG II does not significantly raise plasma aldosterone levels in rats that are not sodium restricted (19) . Other neurohumoral factors that might activate MAPK, e.g., proinflammatory cytokines (5, 20) and corticotropin-releasing hormone (CRH) (39), are not likely to be affected by this low-dose ANG II infusion protocol. It is interesting, however, that even this low dose of ANG II, infused chronically over several weeks, increased AT 1 R mRNA and protein in the SFO and PVN to levels comparable to those observed in rats with heart failure (48). This observation is consistent with the findings of a previous study demonstrating that plasma renin activity peaked in the first 2 wk after induction of heart failure in rats and subsequently remained only minimally elevated (15) .
An intriguing finding of the present study is that a systemic infusion of ANG II induced MAPK-dependent AT 1 R expression in brain tissues directly exposed to circulating ANG II in the SFO and in tissues inside the blood-brain barrier in the PVN. Similar ANG II-induced increases in AT 1 R mRNA and protein were observed in both regions, and the ANG II-induced increases in the AT 1 R in both regions were blocked to a similar extent by ICV losartan and by ICV p44/42 MAPK and JNK inhibitors. These observations imply that the same ANG IIdriven MAPK-mediated mechanism is operative at both sites, despite the fact that circulating ANG II does not cross the blood-brain barrier. At the PVN, inside the blood-brain barrier, angiotensinergic neurons projecting from circumventricular organs to the hypothalamus (27, 37) may play a role. It has been reported that microinjection of ANG II into the SFO significantly raises ANG II release in the PVN (49) .
The immunohistochemical and immunofluorescent images reveal that MAPK activity and AT 1 R-like immunofluorescence are increased diffusely throughout the SFO and PVN. This is particularly interesting in the PVN, in which previous work demonstrated a predominant localization of the AT 1 R to the parvocellular PVN and, particularly, to those neuroendocrine neurons containing CRH that are destined for the median eminence (36) . Notably, that study was done in normal, unstressed rats. The observation that a chronic ANG II infusion increases MAPK and AT 1 R-like immunofluorescence in the PVN-dp and PVN-vlp, regions that are associated with sympathetic outflow, and in the PVN-pm, which is associated with vasopressin release, is consistent with the fact that ANG II activates a variety of neurohumoral systems, releasing ACTH (8) and AVP (22) as well as augmenting sympathetic drive (47, 53) . A similar distribution of AT 1 R-like immunofluorescence has been observed in the PVN of rats with heart failure (48) , in which the systemic RAS is activated (15) and circulating ANG II levels are increased (25) . These observations suggest that increased ANG II may upregulate AT 1 R expression on neurons not expressing those receptors under resting conditions, resembling the de novo appearance of CRH receptors in the PVN under conditions of stress (29, 40) .
This study has focused on a single, but apparently essential, aspect of the cell signaling cascade mediating ANG II-induced upregulation of the AT 1 R. Importantly, MAPK signaling is redox dependent, and recent work by others has emphasized the importance of NAD(P)H oxidase as another essential step in ANG II-induced upregulation of the AT 1 R (16). An important downstream component of this same process is activator protein 1 (AP-1), a nuclear transcription factor that has also been implicated in ANG II-induced upregulation of the AT 1 R (28). Thus, activation of p44/42 MAPK and JNK is one of several signaling mechanisms that are necessary for ANG II-induced increase in AT 1 R expression. Similarly, MAPK is integral to other signaling mechanisms, mediating, e.g., the effects of proinflammatory cytokines (20) , aldosterone (31) , and CRH (39) , and activation of the several different MAPK pathways by different stimuli will likely result in different outcomes. For example, p38 MAPK had no apparent effect on ANG II-induced AT 1 R expression in this study, but it plays a key role in LPS-and cytokine-induced inflammatory responses (2, 17, 23) .
Several technical limitations of this study deserve comment. First, the specificity of AT 1 R antibodies is recognized to be controversial. The antibody we used for Western blot quantification of AT 1 R protein and immunofluorescent localization of AT 1 R-like immunoreactivity was found in a prior study (48) to produce a single band at the appropriate molecular mass (43-45 kDa) for the AT 1 R, whereas another AT 1 R antibody produced multiple bands. This antibody identified immunoreactivity in an anatomic distribution consistent with the known functions of the AT 1 R in the brain, as previously reported (14, 24) . For example, AT 1 R-like immunoreactivity was identified not only in the PVN and SFO, but also in the supraoptic nucleus (48) , in which increased ANG II levels are associated with increased expression of the AT 1 R (34). However, the recent report that this same antibody detected a single band on Western blot at the same molecular weight in renal cortex tissue from AT 1 R-knockout mice (1) raises doubt about its specificity. Thus, until an antibody with undisputed specificity for the AT 1 R becomes available, the results of this study and others reporting changes in AT 1 R expression must be interpreted with caution.
Second, because we did not utilize markers for specific cell types, we cannot exclude the possibility that at least some of the changes we observed in MAPK and AT 1 R expression in the SFO and PVN occurred in nonneuronal elements. Finally, because we did not demonstrate colocalization of MAPK in the same cells in which AT 1 R-like immunoreactivity was expressed, we cannot exclude the possibility of a local paracrine interaction between different cell types. However, since ANG II-induced upregulation of AT 1 R expression was blocked by inhibition of the intracellular MAPK signaling pathways and ANG II-induced MAPK and AT 1 R-like immunoreactivity have the same general anatomic distribution, it seems likely that the increased MAPK activity is occurring in the same cells that are expressing increased AT 1 R activity. Further studies are required to more precisely delineate the effects of ANG II on the activation of MAPK pathways and upregulation of the AT 1 R in specific cell types.
Perspectives
By binding to its receptor, ANG II can induce the expression of a variety of AP-1 subunits (i.e., c-Fos, FosB, JunB, JunD, and c-Jun) in key cardiovascular-related brain areas, including the SFO, median preoptic nucleus, PVN, SON, and organum vasculosum of the laminae terminalis (7) . It is well established that the MAPK family members p44/42 and JNK are predominantly responsible for the induction of c-Fos and c-Jun, the two major components of AP-1 (4). AP-1 DNA binding sites have been identified in the promoter region of the rat AT 1 R gene (35) . Therefore, it has been predicted that AP-1 is a key transcription factor involved in the ANG II-induced upregulation of the AT 1 R in the central nervous system (28) . The results of the present study in ANG II-infused normal rats, similar to results of a previous study of rats with heart failure (48) , are consistent with the view that ANG II upregulates the AT 1 R by an AP-1-dependent mechanism.
